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ln!u!ligcn( viewitlg control for robotic aIlcl  automation systems

1’:1(11  s. sL’llL’l)kcl, Stcpbcn l’. l’c(L’r\, l:lic’ 1). ))d]jll:, :111(!  If’{)]!  s. Ki[]t

Wc pIcscnt  ;I IIC}V SyS[CIII  for supcrvis~~ry  autoIIIulcd  ccrntt{)l of mu][iplc IclIIt)tc caIIIct;Is. (htf l)lil]):lry ])u Iposc in dcvc]opin:  this
s~st~lll  I)lls lKTII  to j)lO\’i[)L’  ca]u]bilitj’  for kII<)\\f]ctlgc-[>:IS~Ll, “han(iw)f’1” vii\vin$’, during Cl(culiun  {J1”  t~’lc<}l}cr;lti(Jll/tclcr{llJ(ltic
tasks. ‘1’hc rLslwItcd  Ic’ul)noiosy iuls bioadm a[]plicabili(y 10 Klnotc survcilllincc,  lclcscictwc ohxrv;llion , autolnatwi mmufactaring
workclls, clc, We rcfLv Ii) this new Capability ah “lnlrlli~en[  Vic\\ing  Conlml (I VC~),” distinpllishini’ it fioln a silnplc programlnui
camera tnotion conli”ol.  in tlK IVC1  syslc.ln,  camera viewing, assi~nmcnt,  seiqucmcin~,  positioning, p;anninp, an(i parameter adjLlst-
n~cnt (mcm,  focus,  apcl-larc) etc. ) are invoked and interadively  cxecukci ill I-cal-tilnc by a kllrl~i’lcclgc-l):lse(l Contmllcr, drawing on
d priori known task mmiels  and constraints, inclmiing of)erakw ImcfcIcncc\.  This multi-mnm contro] is integrated with a ml-
timc, Ili:kfidclity 3-1) ~,rapbics  simulation, wrhich  is cmrcctly calibrated ili pmpcxlivc  to lhc ;Ictual cameras anti thcit- platform
kinenmtics  (tl”ilrlsl:lti{) ll/lJntl-tiil).  Sucil nlcrp,ed pl:ll>llics-l~itl~-li(lco  ctcsigli allow’s lhc Systcln user to preview and modify the
planned (“cllore(jgl:}l>llr(l”)  viewing scqoences. l;urlhcr,  dut-in:  ;ictual task cxecu(ion, tile systcnl Opcr’atol- Il:is availab]c both the
resulting opliiuixcd vicieo sequence, as wcli as sapplemcntary El aphics vi(ws fmnl ar’bilrfil  y pmpcctivcs. lVC, including opcmtor-
intcractivc designation of robot task actioms, is presented to ti]c user as a t}’cll-it)tc:l:!teci  vi(lm:rapbic single screen oser intcrfacc.
allowing cxsy access to all reic.vant tc.le.robc)t c{)l)]]]]~ll)  ici~ti()I)/c()]  ]]]~):\I]d/c(  lt)tt()l  rcsourccs.  M’c. dcscribc and show pictorial results of
a preliminary IV{;  systcm illl))lclllcllt:itiot]  for telwobotic  servicing of a s:ltcllitc.

h-cyuwv?s:  robotic scnsins.  automated Jnanufactaring workcells,  viewins systems, mmotc viewing, Iclcopcration, video surve.il-
lnncc, Al plannins,  3-1) graphics simulation, opcmtor (iisplaysj p,rapbics llscr interfaces

1. IN’J’l{OI)UC’I’JON  AN1) IIACKGRO1lN1)

‘1’hc design of cfl”cctivc vicwinp systems fm remote robotic tasks, that is, “telcrobotic [ 1, 2]” operations, is critically imporlant. Sev-
eral dccadcs of pmdical  cxpcricncc lvilh lcimpcration  (nlanoal remote  conlml of r(~bot~)  in nuclear, undersea and more recently
space :ilJl>lic:lti(~l]s[3, 4] show that as IIILIC})  as 6[) percent of qwrator  task execution time Inay be dcvotc(i to viewing WXSLIS  manip-
ulntirm [5] -- indcul,  just tllc basic physical design and perceptual optia]ization  of rclntc(i l~~orl(~clll:lr/stereo/l~~tJltical~~cr:t systems
hm been a l-cscnrch discipline in itself [5, 6, aod rcfs. thq-tin]. More gctlcrally, and at hiy,her ICVCIS  d abstl-acticm,  the cognitive
workload of mana~’,ing and intcgra(ins remote viewing rmmrccs  -- the positioning, scqucnc.ing,  panning, zooming, and foc.ossing  of
sevcrai  calnc.ras  -- is sufiicicntly hi~~,h  lhat a second sys(em  operator is often msig, ned soicly to this function. I\ven when given this
assistance, tbc robot oper:ttor maintains a ccrmplcx diaioguc of calncra (ocrrciination  (secondary  t[lsk 10:K1)  that clistracts from the pri-
mary manipulation o[~jcc(ive.  ‘J’bus, de.vclrqxncnts which coherently orjl,anim and au[ot[l:itc  viewing proccdorcs are significant
toward improved tasking Cf(iciency. Similarly, developments which imjmovc 3-1) task comprehension under  adverse viewing ccmdi -
Iions  (ii]nitui  or obstrwctd  views, ]ilnitc~i amity,  etc. ) arc significant t(jwal-d ilnlmvd lasking flexibility. ]n this paper, wc describe.
the prclin~inary development and delnonstration of a new viewing system which lnakes contributions to both these desi~n objcc-
tivcs. We dcscribca~~ kr]oivlccigc-l):isc(l  control and coi~~ll~Llnicatiol~s al chitcctule  that pro}ides  a tclcrobot operator with an auto-
mated viewing scqocncc appropriately “cilorcogr:ll]lled’”  (pcrceplually  structured ancl tc[npmally  synchronized) with his rd-tinle
robot motion coINInands.  ‘Jl~is high-level viewing control architecture. is integrated witlt a high-fidelity rmi-time 3-D task modeling
& graphics display cmvircmmcnt,  which itself is visa:llly calibrated in }’cometrir  peispcclivc with , nod overlaid on direct molti-cmn
era vicwins [7]. “1’hc gl-aphics  f;lciiity can bc use(i in both oft-line task plalltlirlg-llrL’\’ic\t,  and also on-line task Visoalizatim-prcclic  -
tion. ‘1’bc opera[or  thus has the added hc.ncfit, beyond the osuai one of graphics-based l(hlt t~}sk simulation, of being able to
synlbcsiz.e task percepts for- arbit!-ary vicwin~ constraints, c.g, “see” il!to an unobserviihlc  region when calnera viewing information
alone is insufficient, (w develop a rlcw “point-of-view” -- ali geolnctri~ally  rcgistet-d  Ivilh tim rcnl envirx)nlllcnt.
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in Scclion ~, wc will [icscl’ibc Ilk’ pllysicni [llChik’Ctlll’C  0] our ]:1[), and the i’llrtent  }lill(i\\’:ll (’/S[)j’t\s;lrC  ill)] )lclllcllttltic)rl  of ]Vc \vil]iin
sanlc. IIcrc, we Jirs[ otltlinc tllc underlying function:ll dcsi~,n of IV(:.

As shown in lrigurc  1, the o~’crnl]  1)S’1’ opct-ationnt mhitedurc  cmsists LII several dcviccs  c:K’1~ connected 10 a ccnlrnl control hub.
Know’lc(f:c  is distributed alnonp tbc v~~l ious devices comptisin~ tk systcl n. ‘1’hc ccntr~il ci~n[rol hub plt)vidcs access to tkse systcm
ckviccs :([K1 toplcvc]  access 10 all distributed knowledge  d)jects.  ‘Ihe oscl- inwrfm f~tovidcs  for low-level conlnlanding of all sys-
tL~[\]  dcvicL~s,  dCfi(>l)-lc\Jcl  ~ol]lll]{l!din~,  of i[di\’i(lLl~] n)c~b~lnisl~”ls, ~hd se!l\[~ntic-]~\’~] con)!))~!ndin~  C)f  ~[)[)din~td  ~~tio]]s  in\’o]vin~
multiple nlccbanisms or nlultiplc task steps. The user’  is also provided wilt) controls whicl] aff’cct the extent to which actions of
mcchanislns (including g,rnphim)  ate linkd, and affect the amount of opt’rater pal-lici}mlion required during the course of pcrfornl-
ing a task. In(lcpcnde.n(  col]\l>L]t:itiolJ2\l pmccsscs within the central conll (JI hub suppml o})cra(or  comttlnnd  intcmctirm,  send com-
Illands to the Systctll dcvims,  and b:indlc. synchronous fcedbnck from s> stcm (tc\’ices. I’iw following is H b]ief outline of what
capnbilitics arc il)]l)lt’]))c.])tc.[1  in (IIC  n]chi(cc~uw:

●

✎

✎

●

SYSICIU  lkviccs: ‘1’hc foor m:[in systcm dcviux  in the curlmt  lvc~ illlr~l~ll~clll~ti(~l~  :11~: 1 ) n robot COII(I-OIIW, 2) a camera con-
lrolkr,  3) a vi(ico  switcher, and 4) a gl-apbics engine wi(h gcolnctric dotdxiw.  All intclfwrs with these system devices arc in
AS(~l I ttxt, ll~aking it possib]c for the user to intmwne  at the lowest dcvicc ICVCI a~ any time if ncmmry.  histories of cievice
intcrac(iofls arc ln:lintaincci

System  KnowlcCigC:  ‘I>ask-space know]edgc  is ohjc.ct-oricnteci,  witi] objects (iistribulcd as nppmpriatc alnong the system
devices. ~~comctric  knowlmigc  is containcci within the gr:lpi~ics dat:tbase. Knowlc(igc  of mcchnnisill  kinematics msicies  both
in tbc. gropilics Systcn] and in the appropriate contmlicr. (:oorcfinatitm an(i convel sion knowic{ige I-esi(les within the central con-
trol hub.

@IIJOl ActioL~s: Actions c:~LIsc  Inotion  in the t:lsk space (o1 simol:!tions in the ~r:lphics space). Simpic actions involve single
objec(s  within the dis(rihu[c(i knowlcd?c base. Multi-object an{l lllltiti-tl~atli]>lll:ltor  semfinticaiiy  prinli[ive actions arc built
UJ)OI) simple actions. ‘J’hcsc  semontic  actions, togcti]cr witil tasks, invo]ving SC[]lIC1]CCS  of actions , arc contai nd w}mll y witi~in
the central task control hub. R)nlrols,  scl by the. opcmtol, affect tbl~ behavior of se.tllanlic actions an[i [asks.  ‘l”hcsc  controls turn
owan~l-off’  the linking tmtwcen  mechanisms associated wit bin Sel)lantic aclions ttil(i specii> dvai]ability  of, or constt-aints on the
utiiimtion  of, lnc.chonisms for automntc.(i  intclli:ent  operator assistance.

Qpcralor 1 ntcbx: ‘1’}x  OlkrdtOr  inlcrf:lce, as ifll]stratcci in Nigutw  2, provi(ies tl)e user witil menu and inter:lcti ve commami  line
:ICL’CSS to cacil of tlm (icvieest actions, scmontic actions, nn(i treks that we (icfine[i  in the systcni. ~Jrnihics images show avail-
ahlc call]cm views at the rc. nlole site. 1 .ivc video of tbc currently dectui cmcra vie. w is caplumi  and sdcctivcly  displaycci.
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Sc]]lantie actions, ~vhich link ol~jcc[s wilh actioms of n]echanisms  ,Ind link actions of rr~ultiplc {Iwchanislns,  contain procedural infor-
mation {or intelligent Vicwins. 1 iacb scrnantic  action is a nlulti-slep ptocdor’c  involk’ing F] ap}lical, car~~ct-a, and robotic devices:

● choose focus of attention

● mrnrnand robot lnotion

● update gr aphicx per robot motion i’ccclback

Clnrncra motion n~ay citkr hc complctcd before, m bc concurrent with mtmt motion. The fous of attention may be the robot nlanip-
ulator, a t(ml, or an object bcins, w(wkcd on Steps within the scquelm ])lay bc e{dllcd  (1I inhibited ~’ia controls SCI by the oser.

‘3. . SYS’1’ItM lh41’1,1CNII?N’1  ’Al’JON

‘l’he J 1’1, ‘fr[cw/mtic O/wt(~fiol[.!  ~[td  /t//r/li,qrttl  (I)IJIIo1.s  (7’ROI)l(S)  1,oborator-y, ]~igurc ~, is designed and configured to perform
research & dcvelcrpnlcr)t  in Iclcopcration an(i teleroboties relevant to sp; Icc applications, among othc.1-s. “J’ROI’I(X  I.{Ib pmvjctes m

cncl-t(~-cnd system for lclctllillli}llrlaticltl,  including a varjcty of operator interfaces at [he local site, a dLlal arIn manipulation system
with 5 differ-cn[ carncras at the l-c.nmtc site, and the required  corr~r~lltt~ic(ltion  and conlrol  connectivity to cxcrcisc the system in var-i  -
OIIS opcratinnal modes, fl-orn cor~vctltior]alt clcol>cr[ltio)l  to time delay sel~~i-:~tlt(~l~orl~(~~ls  tclcrobcrtics. WC show the ‘JRC)l’l~S lab
block il~~~>lelllctl(ati(]t~  architecture ill ]tigurc  4. Thc following pamgraplts  dcscribr  tl)c ‘l’RO1)lCX  facilities ancl the.ir orgrrnization in
more detail, and outline the IV~. software irl~l~lcr~~cr~t:ltic~r~ in this lab clivironmcnt;  scc also [ 12, 13], r-cgarding controls.

3.1 ‘1’1?01’1(3 I ah local  and rpmole  sites

1,ocnl Site ((~~cratolj: At local site, the operator is oflered 3 color vidrx) monitors ard  2 wol-kstations  (by Silicon GraJ>bics  and Son
h~icrosyste.rns)  for viewing, ‘k graphics worlistfilion is equipped wit}] Video] .ab irl or’tier’ to display live video on its monitor. l’he

Ihl {Jc):lr(l by ]Ial:lllax  arl(] pfc)vidcs (ht. ability to (liSp][\y li~,c vidc,~ on the Slrn r]]~nitol’ atl(t 11)01’CSon SImrcl  0 contains an XVidco
inlJmltantly  to perform tl:lr(lw:lrc-[l:tsc(l  JI>l X; COlllpLTSSi  OI) of jWIgCS. video  Sig[l{l]S :1(L’  r’oalcd to tbc monitors and workstations
throogh a cori~l>lrtcr--c( ~t~lrc>llc(l  8x8 video switch. In adclition to the c<)nventional  cc)l~~~,utcr interfaces (G LJIs, mouse,  voice, etc.), tk
operator has at his disposal a Spaccl+alt an(l dual 6 (Icgrcc-ol-frce(loi]l  (dot) l;orcc Rcilcc[ing 1 land Gmlrollcrs.  ‘1’hc l; RI I~’s  arc
controlled at the high level by a single VMI i system (ranning (he VxMrorks Rea-tiil]c OS) tvhich  is rllelllory-rllall[lecl  to the servo
level lJnivmal hf{~tor  Gntmllcrs (LJN4C).

‘.; /4



3.2 lV(~ sol’lware illll)lt’lllt’]ll;llioll

‘1’hr  1)S’1’ c’cntml conlro]  hub (cf. i;i:,urr ] ) is i!]lplemcntcd  in Allegro [; OIJIII1OI)  ] .isp \vitll I}IC  (’C)IIIIIIOI) 1,isl) ]ntcrf’acc hflanngcrj
Version ‘2 (C;l ,IM-’2). ‘1’lw  ct)nllnclci:ll  lkncb Robolics, inc. TJil IIG1<l I’”l ~: pilckagc is uwd f’w Ihc gt:lpl~ics sitnul:~tion and gconwt-
ric database support,  ‘1’hc  vidc{) switch inte.rl,tcc, Calnmr controller, and rt~lmt controlled aIc [Ill illl]~lcl~~cnttd in cLlstonl C software.
Wc note in p;lssin~ lll;lt the rolx~t  controller alullitcctL]t-c Im recently bczn :lugnlcntL’d f(w })~l]:lviot-~):l\c(l, lclcl)I(}gI:\IIIIIIe(l opc.r:\-
tions ((his \vork has [men done in coll;ibotation with co]]c’ag  LIcs at q’ht? lJni\crsity  (~f]’clitl~y]v:t!~i:i[ 15]), l-lsillg Illis CICJIICJIt  of /tl[e/-
ligc~lf  Afoliwj C’o)jlml [8], W1’ h:Ivc sl)oivn the robot can tcspond il)st[ll)t;l]]L’[)  LIS]~  with :Iutoltla(ic,  quali[dtivc  changes of’ forcc-and-
pOSi(iO1]  Contro]  s[Ia(L’g,y,  as ~IwK’d  on CUI  J’CJI1  opc’mtot”  illpUt, fI p/iori task JIIodcl inkl[ !ll:~ti~ln, :}i)ci l’L>;l\-till]C’ scnsot’ feedback,

l’hc ccntr[ll  huh is conncclcd to the 1’L)UI systcn)  devices via sockets, with AS~l I text in(ctf:lrcs to c;Ich. ‘1’hc ‘1’1;1.1  iGI<ll’”l  N1 interface
uti]ims the J>rc-defined O.] comIImnd  ldngua~c and pI-otctwIl:  caclI comln:md to ~’l;] .ll[il<li]”  ~’ is follo\vtl by a sing]c response, The
video switchc.r  intcrfacc nlsrt hits an trllcrllalitlg col]]t]):ttlcl/res})ollse  protocol. “1’hc can)crd  c(]nlJollct  intcl-f’acc is curwntly cbivem
opeJl loop, with con]tl]; lnds to the contrwllcr, but no responses. ‘1’tw  robot controller in[etfacc  is :IsyjIullI[)tlt)lIs: Commands rrrc  scrrt in
groups, with execution of lno[ion t-olIIm:Inds  stnttirrg  upon lhc. rcceipl of a tlumbcrcd “l; iIdGIo Lip” coJIIInand,  I)uring robot motion,
a StlL’O 111 of position and f’orcc feedback data ~J”C returned. An ;rldcjwndrmt  ]IJ’OCCSS  withii)  tlw c’cntl al hnb continuously monitors
robot controller ftwlbnck, IIl:linloins  the ]akst  robot force. find position st:it<s and tnonilm fot cotntlland group colnpktion  status.
‘J’his proc’css nlso u~]d:itcs the gtap}lics disp]ay,  if ‘]’] iI,liGJ<ll’qhf is COt\nc.CtC, i and ~lii])])i~s It])d;ttt’ uj)on feedback contro] is CJl~b]Cd,

Ilxistin~,  “1’1:1  ,IiG1<I1’’lht  ]JIodels fot J)Iosl  of the ‘1’ROI’lCS I ,aboratory  rcmot~  site objects nrld tllcch:tnisl]ls were used, but new mod-

els for the. 2-l X)l~ translationi~l  con~cr:i positioning mechanisms WLW crcatml. “1’he pon/(il(  tlcads wrc not Inodelled: the camera is
modcllc.d m a point at the intcrsec(ion  of [hc pnn nnd tilt actu:itor axc.s. Manipulation fixtures OIC rnodt~llcd  as t:~gs attached to paths,
which in tum [m al(aclIcd to parts and devices in 11M2 ‘1’111  ,llC71{11’2N’ tct-rllino[ogy.

~’hc supporting centr:ii hub software consists of: 1 ) the Cl ,lM rncn(] interface, 2) conricctions  to systcln  devices, 3) extensions to the
robot wsk object models, 4) scrtlnntic ac(itln  functions, rrnd S) systcrn control parameters. ‘1’h~’ [;I ,lM interface. Jwovidcs  mouse and
ke.yboml  cornrnand access tu CI .IfvJ cornnland functioos.  I’hcsc functions c:~n bc called by aIIy [kmmon  1,isp functions, including
other Cl JM corr~rrl:lrl(is.  ”1’l~is pcrmlits  the laye.rring  of multiple ICVCIS  of access  and intcl[igcncc  within the. same interface. l>cvice
models  consist of the active socket object I)ILIS  de.t’icc-specific controJ  parameters, OIC such ]Iatol)lctcr cnab]es  or inhibits the. aoto-
mntic updating of’ graphics fr-olll robot controller feedback data, l)cvicc  moclcls also rl]ain[:~it}  coll]in:ind and rwponsc  histories.

“Sin)ple actions” ar-~’ functions which ~cnw~te ap~mpriate text strir]p contrn:tllds  to bc sent acI[ws the socket intcrfacc to tbc device.
“Scn~;~ntic nc(ions” nrc functions which assernblc  the aJ>propriate data and cal] tbc appt opt iatu set of sinlp[e actions, %mantic  action
functions follow the. ~~1 .lM coll}rn:md function struclul-c,  rn:lking thcm availal~lc to the opcr’al(m  tllrougb the menu and command
interface. Sctu:tntic aclions cort]municatc  al] infor[n:ltion nccckd by the dcvicc to perfor’n] its ]K)J tion of the task, ];or  example, carn-
cra and robot move commands within the “1’111  .I;(il<ll>”ih’ C1,1 langu:tgc rcfe.rci~cc n prcvimlsly  sclrcted  “curlent” canlera and “cur-
rent” robot which aw internal ‘1’1 II lKi Rll”l’1 stotc inforjnation.  Relevant inkl  nal st:ltcs  arc actively sc.t by each semantic command
to ensure. its cxc-cutional  intcgri~y. This cotlsct-vativc,  scnmnticnlly  complete a])pr-o:tch  to cotllllillr)ic:iliot]s” is r]cccssory  to in]plenlen-
tatirtn of a systcnl  which :Ill{~ws  operator inter-~cntion at multiple ICVCIS  of nbstrfiction,



3.3 (;illil)~:liioll of 3-1) gr:ll}ltics  views 10 :Ict(l:ll  C: IIIICI’:1 }ie}villx

SLIch  3-1) c:llibroti(m, which is cilnonical to macbinc  vision nnd JJllC~togr:tl!illletry,  uOnll)Lllt\  camcr’a  vic!vinp  par:tmcter.s  given a
knowm cclri~’s{~(~rI(lcl]cL’  bc.twccn 3-1) ohjcct points and thcif nmdcllccl-and actual ill):l~c pl;inc })l-ojcctior]s. In robotics, this conlputa-
tion is most typically pcrforlnrxi as :1 mi[trix  cstirnalc of the extrinsic view in: patarnclers, ,{liven  :1 knolvil carncla, in parlica]ar,  i’0~

our application, the grapl~ics vicwpoin~  and projective Ir:lnsformlotion  nlu~t bC Inadc  10  Jl14(Ch  thJt  of the. camera. In our  ~pptWtCh,

which is pcrforlncd interactively and LISM the robot itself  as a calibration fixture, the opcI  iItor:

● selects F(II crvcrconstmining  set o{ 3-1) lmints on [hc I-obot ~cormtric  lnodel

. ikntifics the col-responding point locations in Ihc camera(s) irn:gc

. seeks tllc “best-fit” cslimalc  of a viewing trtitlsforlll[ltio!l  which would p~OdllCC

(IIC sarnc projective point mappins, for tlw graphics (including vicwl,or( pammclers
of scale, aspect, cropping, etc.).

In actoal pmlicc, wc sclecl object int~rmt points Lrsins  tbc “pick” fLlnctiOtl  call of n Silicon (iraphics  s[tlndord  G]. graphics library,
which aLltontntically  rc(urns  the 3-1) gcoll~ct[ic  model cmmlin:ttes  of {)l~tr:ltor-ctesig,t]  :lt~:cl 2-1) screen coordinates, WC h:lvc used
several tiif(crent optin~iz,ation  al~,orithrns  to estimate tbc 4x3 c:~libration matrix for an idcali~cd “pinhole” camera  1 incar perspective
model. ‘1’hcsc s[ntic task cstilnation approaches inclodc jincar and non-linear least sqaa) L’s (NI ,S), with N1 ,S allowing orkmorn~al-
iz,ation of the rotation INat I-ix, wl}ilc I-ctaining a least sqLmc.s  fit; for N1 .S iI~~Illcl~~crlt:iti(~)], the rotation is alternatively represented by
a pan-t ilt-sw’irtg decomposition,

Once a comcl c:llibl-alien is established, the graphics and canlcra imqcs tkn provide. ii fLIlly rcgistcrcc .-I ? 1) viewing perspective of
robot. We subsequently apply a Silnilat’ procedure to cstilnate the Grlesian tocalion and pose for JIlodclcd  objects of interest in the
rclllotc workspace. 1 n addition to “lcmilizin~, “ real objects with respect to the gcrm~et rical [y calibrated robot workspace, the operator
can nlso assig, n virtual location indic~~tors (s(>-c:illed “tag-points”). Thc<c ovcrl~iict  gmpl~ic  Inarkcrs, sect] by the operator as posi-
ti(Jr~ccl-at~(l-c)  ricl]tc(l  arrows or loc:il coordinate frames, arc useful references fm intel mcdintc stap,inp and verification of robot trajec-
tories and can in fnct be oscd to SC1 op tar”gct endpoints bctwccn  which the operator car] corn! iland an autonomously contro]lcc{
straight line Ir:]jcctory  when deemed saf’c.

ligurx!  S il)usll”ates the nbovc conccpls, :~nd shows their application to an actLlal tinlc-(lcl~ly tclcroho[ic  servicing operation [ 14]. At
prcscnl  wc :Issolnc, fr ptiori known object pmmctr-ies; we have bc~:an to explore apprxmchcs  to incrcmcnial interactive object mod-
eling. (e. S., as will bc ilnport:inl in handlinf: less-strLlcturccl contingcmy  tflsks with on~’xpcctc(i  cv~nt$)



full occcss to all dc.vices and all hi~,h :(n(l Iow-level sysleln functimls  is pro\idcd  \\ ilhin the IV( operator interface, thereby
c.nah]ing smooth and continuous hLlnlan intervention as dcsil’cd or tlcccssary

intc.lligen(  nssistmcc  c:in bc cnab]ccl, disablccl,  or restricted to trssi~n specific dcviccs  to dit-cct opcrntor  control, and this capa-
bility also supports compnrativc. pcrforllmncc.  analysis

nlulti-ac(ion  viewing tasks h:l\’c ~lot yet been implemented, wlmeitl  it is (Icsirablc to context Lr:llly  link viewing constraints from
consccotivc steps to reduce ttte nurnbcr  of pcmptual]y  disor’ientinj’ changes in culnrrd  selection and motion

fixture moc[cls, as used in (IK above-noted beh:lvio;-based robot col]trol, h:I\Ic  provtn  useful for dctcrlnining \\hcrc  to place pri-
mary attrntion  cm robot posit ionin~ -- fLlture  cnhanccd fixture rlmdcls should incl LldL viewing-specific information, such as con-
str-:lints on associated vic.win: direction as arise from geometric ob-+trLlction,  ol tho~on:tliz.ed  vie,winf,  presentation, etc.

cxpcrimcnts with lV(~ to date to date have involved only free.-spacc and proximity tnotions, and 2 next clcsign objective is to
consider sl>:~cc-ol>cratior~s-rel;itccl contact tasks (inclodirlg ink~ration  of IV~ with (he c{)t~~I>lct~let][:lr~  lntelligcrrt Motion ~on-
lmt concept for locally situated behaviors).

‘1’his w(wk \v:Is carried out a( the .lct l’repulsion 1 .aboratoty, (:dlifor  nia lnstitutc of “1’whnol(lgy, under’ a contract with the Nntional
Acronitutics  an(l Sp:Kc A(lll~i[]istu:~ti(~t~~/

[ - ..(
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